Once released, manure-borne bacteria can enter runoff via interaction with the thin mixing layer near the soil surface. The objectives of this work were to document temporal changes in profile distributions of manure-borne Escherichia coli and enterococci in the nearsurface soil layers after simulated rainfalls and to examine differences in survival of the two fecal indicator bacteria. Rainfall simulations were performed in triplicate on soil-filled boxes with grass cover and solid manure application for 1 h with rainfall depths of 30, 60, and 90 mm. Soil samples were collected weekly from depth ranges of 0 to 1, 1 to 2, 2 to 5, and 5 to 10 cm for 1 month. Rainfall intensity was found to have a significant impact on the initial concentrations of fecal indicator bacteria in the soil. While total numbers of enterococci rapidly declined over time, E. coli populations experienced initial growth with concentration increases of 4, 10, and 25 times the initial levels at rainfall treatment depths of 30, 60, and 90 mm, respectively. E. coli populations grew to the approximately the same level in all treatments. The 0-to 1-cm layer contained more indicator bacteria than the layers beneath it, and survival of indicator bacteria was better in this layer, with decimation times between 12 and 18 days after the first week of growth. The proportion of bacteria in the 0-to 1-cm layer grew with time as the total number of bacteria in the 0-to 10-cm layer declined. The results of this work indicate the need to revisit the bacterial survival patterns that are assumed in water quality models.
F
ecal contamination of soil and water presents a major worldwide health risk. When pathogenic microorganisms enter soil or water, they can infect humans via drinking or recreational activities and through consumption or handling of contaminated produce. The Centers for Disease Control and Prevention (1) estimated in 2011 that each year nearly 1 in 6 Americans (or 46 million people) get sick and roughly 3,000 die from foodborne diseases. Another study performed in the same year estimated that foodborne pathogens resulted in medical care costs in the range from $4.4 billion to $33.0 billion (2) . Contamination of soil and water leading to foodborne illness can originate from numerous sources, such as direct deposition by animals, overflow or leakage of faulty septic and sewage systems, or manure application to agricultural fields and pastures (3) (4) (5) . The potential presence of pathogens that cause foodborne illness can be inferred via the monitoring of fecal indicator bacteria (FIB), such as Escherichia coli and enterococci (6) .
It has been found that both E. coli and enterococci can survive in the soil for several weeks after deposition, if not longer (7, 8) . Some studies have found that populations of these organisms can experience initial growth in the soil that can extend their prevalence for longer than previously thought. For example, Lau and Ingham (9) reported that E. coli and enterococci survived in soil following manure incorporation for more than 19 weeks. Avery et al. (10) observed E. coli persistence in soils amended with cattle, sheep, and swine manure for up to 19 weeks, while Entry et al. (11) observed prolonged survival of fecal coliforms and enterococci (at least 42 weeks) in soils amended with dairy manure. Such extended survival in soils can result in the occurrence of indicator organisms in runoff and infiltration waters from sites that have not had prior manure applications for weeks, months, or even years (12, 13) .
Suspended, dissolved, and adsorbed substances and organisms are known to be released to runoff from a thin near-surface layer of soil. Ahuja et al. (14) proposed the term "effective depth of interaction" (EDI), defined as the thickness of surface soil in which the degree of interaction is equal to that at the soil surface. The soil layer between the surface and EDI is commonly called the "mixing layer." Sharpley (15) estimated the EDI to be 3 to 5 mm for a 5°slope in experiments with clay loam and sandy loam soils under 50 mm per h of simulated rainfall. Yang et al. (16) found EDI values in the range from 1 to 11 mm, such that the value increased with increased rainfall intensity and slope. Sanchez and Boll (17) experimented with a 5-mm-thick mixing layer enriched with phosphorus. Tong et al. (18) estimated a mixing layer thickness of 1.5 cm for unsaturated soil and noted the decrease of the EDI with increasing saturation. Mamo et al. (19) and Owens et al. (20) indicated the need to account for profile distributions of P in topsoil to correctly model the phosphorus losses from land to water. E. coli concentrations in runoff were related to E. coli contents in the top 1-cm soil layer by Muirhead and Monaghan (21) .
Field data on survival of manure-borne organisms in soils have typically been collected from core samples encompassing a range of depths much deeper than the mixing layer thickness estimates. For example, in experiments with surface-applied manures, sam-ples were taken from the surface to depths of 1 cm (13), 2.6 cm (22), 3 cm (23), 4 cm (24), 5 cm (10, 25-27), 7.5 cm (28), 10 cm (11, 29-31), 15 cm (32, 33) , and 20 cm (34) (35) (36) . In only one study (37) were concentrations of E. coli reported for several depth ranges: 0 to 2.5 cm, 2.5 to 5 cm, and 5 to 25 cm. That study applied dairy cattle slurry on surfaces of grassed lysimeters and found only 1% of bacteria from the applied manure in the 2.5-to 5-cm layer, while the rest of the bacteria were in the 0-to 2.5-cm layer.
Given the scarcity of the information on survival of bacteria near the soil surface at depths comparable with the depth of the mixing layer estimates, the objectives of this study were (i) to document temporal changes in profile distributions of manureborne E. coli and enterococci in the near-surface soil layers after simulated rainfalls and (ii) to examine differences in survival characteristics of the two fecal indicator bacteria.
MATERIALS AND METHODS
Experiments were performed at the Beltsville Agricultural Research Center (BARC). A variable controlled-intensity rainfall simulator (38) was used to apply rainfall for the release of manure-borne E. coli and enterococci from soil-applied dairy cattle manure to runoff and infiltration. The rainfall simulator sprinkler nozzles (Veejet 80150; Spraying Systems Co., Wheaton, IL) were positioned 3 m above the soil surface, which allowed rain drops to reach near-terminal velocity upon landing, with an energy impact of approximately 275 kJ ha Ϫ1 mm Ϫ1 , which is similar to natural rainfall events greater than 25 mm h Ϫ1 . The rainfall simulator was calibrated to deliver a relatively uniform rainfall distribution for a central 1-m 2 area with a Christiansen coefficient of uniformity in the range from 84% to 86%.
The 100-cm by 26.5-cm by 15-cm experimental boxes, described by Isensee and Sadeghi (39) and Faucette et al. (40) , were filled with a sandy loam soil. A 2-cm-thick sand layer was evenly placed over the bottom of the box to facilitate infiltration release through the three mesh-covered drains. On top of this initial sand layer, six additional layers of an air-dried sandy loam soil (a mixture of various USDA-ARS Beltsville A horizons of no single soil series) that had been screened prior to placement in the soil boxes were added. Each layer was evenly spread throughout the box, packed flat with a plywood board, and then scored at the surface prior to placement of additional layers atop it. This packing procedure was performed to create a uniform bulk density throughout the box. The final bulk density of the soil boxes was 1.34 Ϯ 0.07 g cm Ϫ3 . The soil textural composition was 63.8% sand, 24.8% silt, and 11.4% clay, and the chemical properties were pH 7.0, electrical conductivity in 1:2 paste of 0.36 mmhos cm Ϫ1 , and an average total C of 2.23%. Packed soil boxes were placed in a temperature-controlled hoop house set to operate at 18°C at the USDA-ARS BARC North Farm in Beltsville, MD. The soil in each box was watered and cross-scored at the surface before Kentucky 31 tall fescue grass seed was applied at a rate of 49 g m Ϫ2 . Boxes were watered twice daily until germination and then once a day following germination. After 20 days of grass growth, the soil boxes were overseeded with additional grass seed at the same rate as previously indicated to fill in spots of uneven growth in the boxes. An additional 2 kg of topsoil was added to cover the newly added seed. Daily watering continued until the newly added seeds germinated, and then watering was reduced to once every 2 to 3 days.
Manure was prepared by mixing fresh dairy cattle excreta collected at the USDA-ARS Dairy Research Facility, with sawdust bedding to reach a 30% dry solid content. The manure application rate of each soil box was 60 tons ha Ϫ1 (2.1 kg box Ϫ1 ). The manure properties as determined in the Penn State Agricultural Analytical Services Laboratory were pH 8.25 Ϯ 0.16, carbon content of 14.9% Ϯ 1.0%, and C/N ratio of 40.9 Ϯ 5.6. (41) . Rainfall water pH was adjusted to 4.5 just prior to the experiments. Boxes were placed within the central 1-m 2 area and adjusted to a 5% slope steepness. Antecedent water contents in each soil box were made uniform by applying a pre-wetting rainfall simulation event for 30 min at an intensity of 3 cm h Ϫ1 24 h prior to the actual experiment. Rainfall in the amounts of 30, 60, and 90 mm was applied for 1 h in triplicate for each rainfall intensity according to the randomized design for the sequence of the irrigations.
Each box was transported to the hoop house shortly after the simulated rainfall. Soil was sampled in triplicate from four depths and at three locations from each box weekly for 1 month. Specifically, soil samples were taken with a sterilized handheld soil core probe to a depth of 10 cm in triplicate at 30-, 50-, and 70-cm length marks along the box. The 10-cmlength cores were then subdivided into 0-to 1-cm, 1-to 2-cm, 2-to 5-cm, and 5-to 10-cm sections. This sampling was performed at 30-, 50-, and 70-cm length marks in the box to see if any effect of location existed. All subsamples were immediately placed in sterile bottles on ice until processing.
Hoop house air temperature was recorded with a HOBO Pendant temperature/light data logger (Onset Computer Corporation, Bourne, MA). The grass in each box was sprinkler watered with approximately 7 mm of water once a week immediately after soil sampling.
Microbiological analyses were done with an approximately 2-g subsample of each soil sample. Subsamples were placed into sterile blenders, where they were ground with 200 ml of sterile DI water for 2 min to create an initial dilution factor of 10 Ϫ2 . Samples were then poured into sterile beakers and left to settle for 1 h. After settling, the supernatant was diluted, and E. coli contents were determined using a Colilert 18 and a QuantiTray 2000 (IDEXX Laboratories, Inc., Westbrook, MA). From the initial blended sample, 250 l of supernatant was pipetted onto m-Enterococcus agar (Neogen Corporation, Lansing, MI) and then spread plated to enumerate enterococci. Plates were then incubated for 48 h at 35 Ϯ 0.5°C. A portion of the unblended original sample was weighed and placed in a drying oven for at least 24 h to determine water content. Results of microbial analysis are presented as most probable number (MPN) per gram of dry weight and CFU per gram of dry weight for E. coli and enterococci, respectively. Total numbers of bacteria in soil were computed for columns having the 1-cm 2 cross-section and height equal to the soil layer thickness. Decimal reduction times were calculated by fitting the data in coordinates of time versus total organism number to the exponential decay equation
with two estimated parameters: a, the decimal reduction time (i.e., the time when the computed concentration is 10 times less than the initial concentration), and c 0 , the effective concentration at time zero. The values of a and c 0 were estimated from concentrations observed on days 7 to 21 when equation 1 was deemed to be valid; therefore c 0 did not represent the actual initial concentration, whereas a represented the inactivation rate.
The total numbers of organisms in soil, N T , were obtained as the results of summation by layers
where N T is the total number of organisms within the 10-cm-thick soil layer per 1-cm 2 surface of soil, c i (i ϭ 1, 2, 3, 4) is the concentration of microorganisms (in MPN and CFU per gram of dry soil for E. coli and enterococci, respectively) in layer i, h i (i ϭ 1, 2, 3, 4) represents the thicknesses of layers 0 to 1, 1 to 2, 2 to 5, and 5 to 10 cm (i.e., 1, 1, 3, and 5 cm, respectively), and i (i ϭ 1, 2, 3, 4) represents the soil bulk densities in layers.
Data analysis. All experiments were performed in triplicate. Tray and plate counts for E. coli and enterococci, respectively, were converted to dry weight equivalents and subjected to a multifactorial analysis of variance (Sigmaplot 12.5; Systat Software, Inc., San Jose, CA). Statistical significance was evaluated at the 0.05 probability level.
RESULTS
Soil water content was not significantly different between any of the rainfall intensities immediately after rainfall application or at any point during the experiment (P ϭ 0.934). Soil moisture significantly declined from week to week in all instances (P Ͻ 0.001). Soil water storage changes over time are shown in the top panel of Fig. 1 . The bars represent the mean soil moisture of all depths.
Average daily air temperatures are shown in the bottom panel of Fig. 1 . Temperature regimes were slightly different among the treatments due to the randomized experimental design, which resulted in boxes arriving at the hoop house at slightly different times.
Bacterial survival by layers is shown in Fig. 2 . The pattern of the initial increase of bacterial content followed by decrease was observed at all depths for E. coli. Enterococcal contents steadily decreased at all depths. The decimation times could be approximately estimated for E. coli but not for enterococci. The latter organism had survival dynamics that did not follow equation 1. Decimal reduction times for concentrations of E. coli at the four examined depths and across the three rainfall intensities are shown in Table 1 . The estimated decimation times decreased with depth in the 0-to 5-cm layer but were very large in the 5-to 10-cm layer.
The total initial numbers of bacteria in the soil boxes following simulated rainfall varied with the amounts of water applied (Fig. 3) . Total E. coli numbers significantly differed between the 30-and 90-mm treatments (P Ͻ 0.05) and between the 60-and 90-mm treatments (P Ͻ 0.05) but did not significantly differ between the 30-mm and 60-mm. Total numbers of enterococci varied significantly between the 30-and 60-mm treatments (P Ͻ 0.05) as well as between the 30-and 90-mm treatments (P Ͻ 0.05) but were not significantly different for the 60-and 90-mm treatments. No significant trends were observed between the total number of organisms and sampling locations along the box (data not shown). E. coli and enterococcus populations exhibited very different survival dynamics (Fig. 3) . The E. coli population at all three rainfall intensities exhibited initial growth during the week following the application of simulated rainfall. After the initial growth phase, E. coli numbers began to decline but remained relatively similar to initial values by the end of the 21-day-long experiment. Initial total numbers of E. coli in the soil were not significantly different from the final total numbers in the 30-, 60-, and 90-mm/h treatments (P ϭ 0.418, P ϭ 0.122, and P ϭ 0.808, respectively). Concentrations of E. coli in the 90-mm treatment boxes were higher than initial concentrations at the end of the experiment. The total numbers of enterococci in the soil boxes consistently declined throughout the duration of the experiment, with concentrations in the 60-and 90-mm treatment boxes being undetectable by the end of the experiment.
E. coli populations in soil did not significantly differ between rainfall treatments 1 week after the application of simulated rainfall (P ϭ 0.587). Conversely, enterococcus populations were significantly different between the three rainfall intensities 1 week after the application of simulated rainfall (P Ͻ 0.001). Figure 4 shows the relative contribution of each soil layer to the vertical distribution of the total number of organisms within the soil profile. Both indicator organisms were overwhelmingly concentrated in the surface layer of 0 to 1 cm. In almost all instances, the number of bacteria in the surface layer accounted for a greater proportion of the overall population than the next three depths combined. Additionally in most cases, the overall proportion of bacteria in the surface layer increased over time as concentrations in the lower depths declined.
DISCUSSION
The initial populations of fecal indicators in soil after rainfall simulation showed a dependence on the amount of simulated rainfall applied (Fig. 2) . The total numbers were generally lower as the amount of rain water increased. Possible reasons for this include the increased leaching of bacteria through macropores in the soil with an increase in rainfall intensity (42) , formation of a layer of the dispersed manure material on the soil surface that would prevent bacterial accumulation within the soil layer (43), and/or the slowdown of manure bacterial release with the increased amount of applied water (44) that would lead to a larger dilution of released bacteria with rainfall water within the manure layer before it reaches soil.
All treatments in this work resulted in qualitatively similar microbial population dynamics within each microorganism group. E. coli concentrations initially increased and then slowly decreased, whereas populations of enterococci began to decrease from the start and were not detectable after 4 weeks in all cases, except for treatments that received the least intense rainfall application, where they remained at a total number that was 1.3% of the initial population. The initial growth of E. coli populations was observed in the top 1-cm layer, where large manure particles were strained and provided a nutrient-rich environment. Some of the dissolved manure nutrient material may have moved to deeper layers with the infiltrating water. Soil water contents also changed with depth such that greater water contents were observed close to the surface, where the conditions were more favorable for E. coli survival. Additionally, the presence of oxygen results in aerobic respiration, which is the most productive metabolic mode for E. coli (45) . Increased enterococcus survival in top layers may also be explained by this as enterococci are facultative anaerobes as well. The loss of some water from the soil occurred due to plant transpiration and evaporation from the soil surface; dissolved nutrients moved to the surface with the evapo-transpired water and accumulated there. E. coli may have responded to the increasing concentrations of nutrients near the surface via chemotaxis (46) . E. coli concentrations in soil were not significantly different among the treatments 1 week after simulated rainfall, whereas the initial concentrations of indicator organisms in the soil decreased significantly with increasing amounts of water applied. One possible explanation is that E. coli growth was limited by competition or predation such that E. coli populations above a certain level did not depend on the differences in initial concentrations within the observed range. Decimal reduction times for E. coli demonstrated a trend of decreasing with increased depth. This observation held true in most cases, but E. coli survival data for the deepest depth could not be adequately fitted with equation 1; hence, the 5-to 10-cm values are many times higher than values for shallower depths. These values, however, cannot be considered reliable since they are outside the duration of the experiment.
Numerous factors could be responsible for the difference in survival dynamics of E. coli and enterococci. E. coli populations have been shown to experience initial growth phases in soil following rainfall events and rises in water tables (47, 48) . Sinton et al. (49) found that after flooding events, enterococci did not show growth in deposited cow feces and that the organism was quickly inactivated in all seasons. These conditions are comparable to the conditions in the soil environment following the simulated rainfall events performed in this study. Wang et al. (50) observed the initial growth phases of both organisms in cow manure but found a survival-enhancing moisture effect only for fecal streptococci, which may indicate that enterococci are sensitive to low-moisture conditions. Another study that looked at survival in cowpats found that when water content falls between 70 and 75%, fecal streptococcus exhibits slower decay than E. coli; however, under dry conditions, E. coli exhibited slower decay (49) . This finding is consistent with the decrease of soil water content in the soil boxes throughout the experiment and with each organism's unique survival. Solo-Gabriele et al. (51) found that E. coli was able to multiply as soil was drying, with the concentration increasing several orders of magnitude. The authors hypothesized that this was due to the capability of E. coli to survive under dry conditions with limited competitor/predator involvement. Howell et al. (52) observed that fecal coliforms experienced greater growth under warm conditions than fecal streptococcus. This study found that fecal coliforms often experienced regrowth, while fecal streptococci did not, which is similar to what was observed for E. coli versus enterococci in the present study. Kibbey et al. (53) posited that increased soil temperatures resulted in increased microflora activity within soils. This increased activity may have had a greater negative effect on Enterococcus faecalis than on E. coli. Byappanahalli (54) also found that enterococcal growth is hampered by competition from native soil biota. Yet another possible explanation for different survival dynamics is the availability of nutrients within the soil. Both E. coli and enterococci are facultative anaerobic bacteria and can thus survive in both oxygen-rich and oxygen-poor environments. However, E. coli is versatile in its ability to obtain energy and only requires simple carbon and nitrogen sources (55) , whereas enterococci have more complex nutrient requirements (56) . The soil boxes did not receive any nutrient addition after the initial application of manure, and this lack of nutrient inputs may have had detrimental effects on both organisms, of which enterococcus was more susceptible because of its complex nutrient requirements. Both organisms were less persistent at lower depths, and it has been has speculated that this may be partially due to low nitrogen availability (57) .
We realize that the weekly refreshing irrigation, albeit in small amounts, may have influenced the results. Lau and Ingham (9) found no significant difference in population decline between E. coli and enterococci when biweekly watering was implemented, but when watered once a week, E. faecalis declined significantly faster than E. coli. We also note that the observed differences in survival patterns may be specific for the sandy loam texture of the soil used in this study. Cools et al. (58) found that Enterococcus spp. outsurvived E. coli in fine-textured soils, whereas in sandy soil E. coli thrived and Enterococcus spp. showed relatively poor survival.
Substantial temperature oscillations were encountered by bacteria in experiments of this work. Temperature oscillations have been shown to impact bacterial survival in manure. Semenov et al. (59) demonstrated the dependence of E. coli O157:H7 survival in cow manure on the amplitude of temperature oscillations. Freezethaw cycles were detrimental for survival of Yersinia enterocolitica in the work of Asadishad et al. (60) . The effect of temperature oscillations on survival of manure-borne bacteria in soil has not been studied and can present an interesting avenue for future work.
The initial growth of E. coli and enterococcus populations in soils after their release from manure can undoubtedly complicate the development of regulatory guidance. The extended persistence of indicator bacteria can lead to false indications of recent fecal contamination where there has been none. On the other hand, the common assumption that once deposited into extraenteric environments E. coli experiences immediate exponential decay (61) is obviously not valid in the present study. More information on the survival patterns of manure-borne indicator microorganisms after their release in soil needs to be collected to make best management practices more efficient.
Results on retention, growth, and survival of indicator microorganisms in the thin top layer of soil present substantial interest for microbial water quality modeling. Popular watershed models, such as SWAT and KINEROS/STWIR, account for bacterial contributions from the top 1 cm of soil, where mass exchange between the soil and runoff is assumed to occur. In the present study, 40 to 100% of all detected bacteria were found within the top 1 cm. Results from this work show that much higher concentrations of bacteria are available to be released from soil to runoff when concentrations of bacteria in the mass exchange layer are computed from sampling of surface soil layers several centimeters thick. To be used in modeling with the mass exchange layer, or mixing zone, such data on bacterial concentrations have to be adjusted to reflect realistic profile distributions. Another consequence of the observations in this work is the limited validity of the model assumption of the immediate exponential decay of microorganisms excreted by livestock or wildlife. In this study, it was found that E. coli released from manure with other components of the manure matrix can experience initial growth in soils. Therefore, the assumption of immediate exponential decay for this indicator organism may also introduce errors in modeling that need to be evaluated to decide on the need for model modifications.
Conclusions. Rainfall intensity had a significant impact on initial concentrations of indicator bacteria deposited from manure to soil. Increasing rainfall intensity resulted in reduced concentrations of deposited bacteria. Concentrations of indicator bacteria decreased with increasing depth. E. coli and enterococci were both found to persist in soil layers up to 10 cm deep. Most of the released bacteria stayed in the top 1-cm layer of soil, which is the mixing zone for resuspension of manure particles and bacteria during subsequent rainfall-runoff events. The best survival conditions were also in the top 1-cm layer. Total numbers of E. coli cells increased at all rainfall intensities between simulated rainfall and 1 week afterwards, whereas enterococci declined in each treatment and at each depth. Different survival dynamics were observed for each rainfall intensity, which demonstrated rainfall intensity as a factor in survival, although this relationship varied by organism and by depth. The findings of this work indicate the need to investigate whether current microbial water quality models need to be amended to account for the initial bacterial growth phase.
